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1. I n t r o d u c t i o n  
Microwave r e m o t e  s e n s i n g  o f  v e g e t a t e d  t e r r a i n  has  been s t u d i e d .  
Vegeta t ion is modeled s o  t h a t  b a c k s c a t t e r e d  r a d a r  s i g n a l s  can be used t o  
i n f e r  p a r a m e t e r s  which c h a r a c t e r i z e  t h e  v e g e t a t i o n  and u n d e r l y i n g  
g round .  The v e g e t a t i o n  is  modeled by d i s c r e t e  l o s s y  d i e l e c t r i c  
s c a t t e r e r s  w i t h  p r e s c r i b e d  c h a r a c t e r i s t i c s .  The goa l  of  t h e  modeling 
e f f o r t  is t o  remotely s e n s e  v e g e t a t i o n  t y p e  ( c l a s s i f i c a t i o n ) ,  g rowth  
s t a g e ,  and  plant/qround mois ture .  Th i s  informat ion can then be used a s  
inpu t  i n t o  a g r i c u l t u r a l ,  f o r e s t r y  and g l o b a l  c i r c u l a t i o n  mode l s .  The 
microwave frequency spectrum, p a r t i c u l a r l y  L and C bands, a r e  e s p e c i a l l y  
a p p r o p r i a t e  f o r  t h i s  purpose s i n c e  t h e  wavelength is comparable t o  p l a n t  
l e a f  and stem s i z e .  The r e s u l t i n g  r e s o n a n t  i n t e r a c t i o n  l e a d s  t o  
b a c k s c a t t e r e d  d a t a  h i g h l y  depend on p l a n t  s h a p e  and o r i e n t a t i o n .  I n  
a d d i t i o n ,  t h e  t r a n s p a r e n t  n a t u r e  o f  t h e  atmosphere i n  t h i s  frequency 
regime a l lows  f o r  a lgor i thm development which r e q u i r e s  no a t m o s p h e r i c  
c o r r e c t i o n .  
2. Technical  Approach 
The m o d e l i n g  a p p r o a c h  c h a r a c t e r i z e s  t h e  v e g e t a t e d  t e r r a i n  a s  a  
l a y e r  o f  p l a n t  growth over  a  p o s s i b i y  rough  s u r f a c e .  The p l a n t s  a r e  
viewed a s  composites of l e a v e s  and s tems which a r e  modeled by d i e l e c t r i c  
d i s c s  ( n o t  n e c e s s a r i l y  c i r c u l a r )  and r o d s .  The d i s c s  and r o d s  a r e  
p l a c e d  a t  random l o c a t i o n s  t h r o u g h o u t  t h e  l a y e r ;  t h e i r  s i z e  and 
o r i e n t a t i o n  s t a t i s t i c s  a r e  chosen t o  correspond t o  t h e  v e g e t a t i o n  b e i n g  
modeled. 
Once t h e  d i s c r e t e  s t o c h a s t i c  model has  been s p e c i f i e d ,  t h e  average 
b a c k s c a t t e r i n g  c o e f f i c i e n t s  a r e  computed f o r  b o t h  l i k e  and c r o s s  
? o l a r i z a t i c r n s .  The calculation i s  made amenable  t o  a n a l y s i s  by t h e  
presence o f  a  smal l  parameter - t h e  f r a c t i o n a l  volume of  vege ta t ion .  I t  
is then p o s s i b l e  t o  employ t h e  d i s t o r t a d  Born approximation or  t r a n s p o r t  
t h e o r y  ( d e p e n d i n g  on a l b e d o  s i z e )  t o  c a l c u l a t e  t h e  b a c k s c a t t e r i n g  
c o e f f i c i e n t s .  This  c o n s t i t u t e s  t h e  formulat ion o f  t h e  d i s c r e t e  probleni, 
i . e . ,  g iven  t h e  d i s t r i b u t i o n  of  s c a t t e r e r  s i z e s  and o r i e n t a t i o n s ,  t h e  
backsca t t e red  power can b e  computed. The f i n a l  s t e p  i n  t h e  procedure t o  
o b t a i n  a  remote sens ing  a lgor i thm is t o  i n v e r t  t h i s  d i r e c t  problem. The 
performance o f  t h e  i n v e r s i o n  assumes t h a t  t h e  b a c k s c a t t e r i n g  c o e f f i c i e n t  
is given a s  a  Function o f  a n g l e  o f  i n c i d e n c e  and /o r  f r e q u e n c y .  From 
t h i s  d a t a ,  t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  o f  t h e  s c a t t e r e r s  a r e  
computed. Th i s  c a l c u l a t i o n  i s  o f t e n  n u m e r i c a l l y  i l l - c o n d i  t i o n e d  and 
needs s p e c i a l  t r ea tment .  
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3 .  Research R e s u l t s  
Over t h e  t h r e e  year p e r i o d ,  r e s u l t s  have been ob ta ined  i n  a l l  a r e a s  
needed f o r  a lgor i thm development.  E l e c t r o m a g n e t i c  m o d e l i n g  o f  p l a n t  
e l e m e n t s  h a s  been  a d d r e s s e d ,  b a c  k s c a t t e r i n g  c o e f f i c i e n t s  h a v e  been 
c a l c u l a t e d  and i n v e r s i o n  a lgor i thms  have been developed. 
S i m p l e  p l a n t  canop ies  such a s  soybeans can be modeled by r e p l a c i n g  
t h e  p l a n t ' s  l e a v e s  an3 stems by d i e l e c t r i c  d i s c s  and r o d s  r e s p e c t i v e l y  
a s  is  shown i n  F i g .  1.  The r e l a t i v e  d i e l e c t r i c  c o n s t a n t  used f o r  the  
d i s c s  and  r o d s  i s  t h e  e q u i v a l e n t  d i e l e c t r i c  c o n s t a n t  o f  t h e  p l a n t  
m a t e r i a l .  The u s e  o f  t h i s  e q u i v a l e n t  d i e l e c t r i c  n e g l e c t s  s c a t t e r i n g  
e f f e c t s  caused by i n t e r n a l  v a r i a t i o n s  wi th in  t h ~ e  p l a n t .  T h i s  i s  s m a l l  
however, because o f  t h e  long wavelength involved.  
S c a t t e r i n g  ampl i tudes  have been computed f o r  both t h e  d i s c  and stem 
e l e m e n t s .  The r e s u l t i n g  f o r m u l a s  f o r  t h e  s c a t t e r i n g  ampl i tudes  a r e  
p a r t i c u l a r l y  s imple  because they  t a k e  a d v a n t a g e  o f  t h e  s m a l l  r a t i o  o f  
t h i c k n e s s  t o  r a d i u s  i n  t h e  c a s e  o f  t h e  d i s c s  and r a d i u s  t o  l e n g t h  i n  t h e  
c a s e  o f  t h e  rods.  The s i m p l e  f o r m u l a t i o n  i s  p a r t i c u l a r l y  i m p o r t a n t  
s i n c e  t h e  r e s u l t s  must  b e  a v e r a g e d  o v e r  b o t h  i n c l i n a t i o n  and s i z e  
d i s t r i b u t i o n s .  
B a c k s c a t t e r i n g  from t h e  modeled p l a n t  canopy h a s  been t r e a t e d  by 
two techniques:  t h e  d i s t o r t e d  Born a p p r o x i m a t i o n  and t h e  t r a n s p o r t  
t h e o r y .  The two methods  a r e  e q u i v a l e n t  when t h e  a l b e d o  o f  t h e  
s c a t t e r e r s  is  smal l  and no coheren t  ( p l a n a r )  boundar ies  a r e  p resen t .  I t  
h a s  b e e n  shown f o r  t h e  c a s e  o f  a  f l a t  ground t h a t  t h e  t r a n s p o r t  theory  
n e g l e c t s  c e r t a i n  c o h e r e n t  i n t e r f e r e n c e  terms which a r e  t a k e n  i n t o  
a c c o u n t  by  t h e  d i s t o r t e d  Born approximation.  It  should be noted t h a t  
t h i s  e f f e c t  is  a  law frequency (L-band) phenomenon b e c a u s e  a t  h i g h e r  
f r e q u e n c i e s  t h e  s u r f a c e  a p p e a r s  r o u g h e r ,  and a s  a  r e s u l t ,  coherence 
e f f e c t s  d i sappear .  S ince  t h e  d i s t o r t e d  Born method is a p p l i c a b l e  i n  t h e  
L band f r e q u e n c y  r e g i m e ,  s i n c e  i t  c o n t a i n s  t h e  i n t e r f e r e n c e  t e rms  and 
s i n c e  i t  i s  r e l a t i v e l y  s i m p l e  i n  f o r m u l a t i o n  a s  compared t o  v e c t o r  
t r a n s p o r t  theory ,  it h a s  been used almost  e x c l u s i v e l y ,  t o  c a l c u l a t e  t h e  
b a c k s c a t t e r i n g  c o e f f i c i e n t s .  
A p p l i c a t i o n  o f  t h e  d i s t o r t e d  Born theory  t o  t h e  modeling o f  c rops  
such a s  soybeans h a s  y ie lded  i n t e r e s t i n g  r e s u l t s .  Fig. 2 shows some o f  
t h e s e  r e s u l t s  f o r  a  frequency o f  1.5 GHz. The f i g u r e  is  a p l o t  o f  cr;, 
v e r s u s  a n g l e  o f  inc idence .  An examination o f  t h e  f i g u r e  shows t h a t  f o r  
v e r t i c a l - l i k e  p o l a r i z e d  r e t u r n s  t h e  l e a v e s  a r e  dominant a t  low ang les  
and t h e  stems a r e  most important  a t  l a r g e  ang les  o f  inc idence .  T h i s  i s  
n o t  s u r p r i z i n g  s i n c e  t h e  e l e c t r i c  f i e l d  is  a l igned  with most s tems a t  
l a r g e  a n g l e s  of  incidence.  
The model whose r e s u 1 . t ~  a r e  shown i n  F i g .  2 c o n s i s t s  o f  l e a v e s  
having r a d i i  of  2.5, 3.5 and 5.0 cm. Each o f  t h e s e  l e a f  t y p e s  h a s  a  
d e n s i t y  o f  333/m . The s tems a r e  a l l  taken t o  be  20 cm long and with a  
d e n s i t y  o f  1000/m . The l e a f  and stem s i z e  c h a r a c t e r i s t i c s  were 
o b t a i n e d  b y  t h e  p r i n c i p a l  i n v e s t i g a t o r  who made o n - s i t e  measurements a t  
B e l t s v i l l e .  
Al though  F i g .  2 j u s t  shows t h e  v e r t j z a l - v e r t i c a l  b a c k s c a t t e r i n q  
c o e f f i c i e n t ,  s i m p l e  e x p r e s s i o n s  were  o b t a i n e d  f o r  t h e  
h o r i z o n t a l - h o r i z o n t a l  c a s e  a s  w e l l  a s  t h e  c r o s s  p o l a r i z e d  r e t u r n s .  
These appear t,o b e  v a l i d  f o r  f r e q u e n c i e s  below 4 GHz a s  l o n g  a s  t h e  
c o r r e c t  d i e l e c t r i c  c o n s t a n t s  For t h e  d i s c s  and rods  a r e  used. The de- 
Loor  f o r m u l a  h a s  been  u s e d  f o r  t h e  c a l c u l a t i o n  o f  d i s c  and s t em 
d i e l e c t r i c  c o n s t a n t s  however ,  a t  l o w e r  f r e q u e n c y  (=  1-2 GHz) a  
conduct ive  c o n t r i b u t i o n  should  be  inc luded .  
The f i n a l  s t e p  i n  a n y  r e m o t e  s e n s i n g  problem is t h e  i n v e r s i o n  
process .  R e s u l t s  i n  t h i s  a r e a  have beed obta ined t h i s  year.  A t t e n t i o n  
h a s  b e e n  f o c v s e d  on t h e  r e l a t i o n s h i p  be tween  t h e  b a c k s c a t t e r i n g  
c o e f f i c i e n t  5hh  and t h e  j o i n t  p r o b a b i l i t y  d e n s i t y  o f  d i s c  r a d i i  and 
i n c l i n a t i o n  a n g l e s .  The e x p r e s s i o n  d e r i v e d  by t h e  d i s t o r t e d  Born 
a p p r o x i m a t i o n  h a s  been used. An examination shows t h a t  it  is non l inea r  
i n  n a t u r e .  The r e l a t i o n s h i p  has  been l i n e a r i z e d  i n  t h e  1-2  GHz r e g i o n  
where t h e  s k i n  d e p t h  i s  l a r g e .  The l i n e a r i z e d  e x p r e s s i o n  ( a  Born 
a p p r o x i m a t i o n )  is a  Fredho lm i n t e g r a l  e q u a t i o n  o f  t h e  f i r s t  k i n d .  
I n v e r s i o n  problems o f  t h i s  type  are u s u a l l y  i l l - c o n d i t i o n e d  and must be 
r e g u l a r i z e d .  
To s i m p l i f y  t h e  i n v e r s i o n  p r o c e d u r e  f u r t h e r ,  it has  been assumed 
t h a t  t h e  r a d i i  and i n c l i n a t i o n  ang le  d e n s i t i e s  a r e  i n d e p e n d e n t .  IV i t  
is assumed t h a t  t h e  d e n s i t y  o f  one v a r i a b l e  is known, then  t h e  o t h e r  can 
b e  found  t h r o u g h  t h e  i n t e g r a l  e q u a t i o n  w i t h  t h e  knowledge o f  t h e  
b a c k s c a t t e r i n g  c o e f f i c i e n t  f o r  v a r i o u s  a n g l e s  o f  inc idence .  Such an 
i n v e r s i o n  is shown i n  Fig.3. Here t h e  l e a v e s  have f ixed  r a d i u s  o f  4 cm. 
The i n c l i n a t i o n  a n g l e s  d e n s i t y  is shown by t h e  s o l i d  l i n e  i n  Fig. 3 .  
The combined j o i n t  d e n s i t y  is  t h e n  used  t o  g e n e r a t e  f o r  va r ious  
a n g l e s  o f  i n c i d e n c e .  The c a l c u l a t e d  v a l u e s  o f  t h e  b a c k s c a t t e r i n g  
c o e f f i c i e n t  a r e  c o r r u p t e d  by n o i s e  and a  Phi l l ips-Twomey i n v e r s i o n  
a lgor i thm is used t o  compute t h e  i n c l i n a t i o n  a n g l e  d e n s i t y  a t  c e r t a i n  
d i s c r e t e  p o i n t s .  The r e s u l t s ,  which  a r e  good ,  a r e  shown by s m a l l  
c i r c l e s ,  s q u a r e s  and s t a r s  i n  Fig .  3. 
The Phi l l ips-Twomey mehhod h a s  a l s o  been appl ied  t o  the  i n v e r s i o n  
o f  t h e  complete two-dimensional d e n s i t y  of  r a d i i  and i n c l i n a t i o n  ang les .  
Here i t  h a s  been  assumed t h t  b a c k s c a t t e r i n g  d a t a  is known a t  d i f f e r e n t  
angles  o f  inc idence  and f o r  d i f f e r e n t  f r equenc ies .  
4. S i g n i f i c a n c e  o f  R e s u l t s  
The r e s u l t s  j u s t  p r e s e n t e d  p r o v i d e  a  d i r e c t  r e l a t i o n s h i p  between 
t h e  b a c k s c a t t e r i n g  c o e f f i c i e n t  and t h e  d e t a i l e d  p a r a m e t e r s  t h a t  
c h a r a c t e r i z e  t h e  s c a t t e r e r s .  T h i s  means t h a t  by remote L band radar  
measurements  a t  d i f f e r e n t  a n g l e s  o f  i n c i d e n c e  and f o r  d i f f e r e n t  
f r e q u e n c i e s ,  such q u a n t i t i e s  a s  l e a f  i n c l i n a t i o n  angle  d i s t r i b u t i o n  and 
l e a f  a r e a  d i s t r i b u t i o n  can b e  determined.  These d i s t r i b u t i o n s  c a n  t h e n  
be d i r e c t l y  used t o  e s t i m a t e  g r o w t h  s t a g e  by knowledge o f  t h e  a r e a  
d e n s i t y  o f  l e a v e s  and t o  e s t i m a t e  s t r e s s ,  d u e  t o  l a c k  o f  w a t e r ,  by 
knowledge o f  t h e  i n c l i n a t i o n  angle  d e n s i t y .  
5. F u t u r e  Work 
The model d e v e l o p e d  t h u s  f a r  h a s  been  d i r e c t e d  towazd l e a f y  
a g r i c u l t u r a l  c rops  such a s  soybeans. By incorpora t ing  o t h e r  s c a t t e r i n g  
t y p e s  o f  a  more complex n a t u r e ,  o t h e r  c rops  and f o r e s t s  can be modeled 
and i n v e r s i o n  a lgor i thms  developed. F u t u r e  s c a t t e r e r  development should 
i n c l u d e  t h e  mode l ing  o f  n o n - p l a n a r  l e a v e s ,  b r a n c h e s  and s t a l k s  with 
p e r i o d i c  nodes (corn)  . 
An e x p e r i m e n t  s h o u l d  b e  p l a n n e d  s o  t h a t  t h e  t h e o r e t i c a l  
developments can be t e s t e d .  The exper imenta l  approach is p a r t i c u l a r l y  
i m p o r t a n t  i n  t h e  i n v e r s i o n  a l g o r i t h m  deve lopment  s i n c e  equ ipment  
l i m i t a t i o n s  can f o r c e  c o n s i d e r a t i o n  o f  d i f f e r e n t  i n v e r s i o n  t echn iques  
F i g .  1. Vege ta t i on  Laye r  Modeled by Leaves  and Stems 


